We report the design and experimental measurement of a powered active magnetic metamaterial with tunable permeability. The unit cell is based on the combination of an embedded radiofrequency amplifier and a tunable phase shifter, which together control the response of the medium. The measurements show that a negative permeability metamaterial with zero loss or even gain can be achieved through an array of such metamaterial cells. This kind of active metamaterial can find use in applications that are performance limited due to material losses. 
Introduction
Electromagnetic metamaterials are artificially engineered materials possessing highly versatile effective material properties. They offer the possibility of designing and building novel devices, such as perfect lenses that overcome the diffraction limit [1] , directive antennas [2, 3] and invisibility cloaks [4, 6, 5, 7] . However, losses in metamaterials can severely limit their performance in these applications. It has long been recognized that powered active metamaterials can, in principle, be used compensate for metamaterial losses [8] . The theoretical challenges involved in creating stable active metamaterials are significant [9, 10] . Theoretical analysis has shown that complex behavior can result when gain elements are embedded in metamaterial structure [11] , and the electromagnetic wave propagation, effective parameter characterization, and fundamental limitations resulting from causality related to the active metamaterials are also complex [12, 13] . Although initial experimental efforts have shown that the concept can be made to work [10, 14] , active metamaterials have yet to be demonstrated in a realistic metamaterial configuration.
Here we report the fabrication and experimental measurement of a novel active magnetic metamaterial composed of arrays of unit cells designed based on the combination of an embedded radiofrequency (RF) amplifier and a tunable phase shifter, which together control the response of the medium. A basic architecture for powered active metamaterial particles was previously proposed and validated based on a single unit cell measurements [14] . Several significant improvements have been implemented in the work reported here. Like other metamaterials and their related physical properties in the RF domain [15, 16, 17] , this kind of active metamaterial can be designed, fabricated, and find their applications in the terahertz or even higher frequency ranges. 
Principle
In order to demonstrate the principle behind our tunable active magnetic metamaterial, descriptions of the magnetic moment of the unit cell and the resulting effective permeability are demonstrated as follows. In a medium for which the homogenization theory applies the constitutive equation that relates the magnetic field, B, and the H-field is, in the absence of magneto-electric coupling:
where M is the magnetization vector. The relative permeability tensor can be determined from this equation taking into account that B = µ 0μr H. If B, H, and M are colinear, as is the case in our analysis, only one component of the permeability tensor is relevant and is given by
where the magnetisation M, i.e. magnetic moment per unit volume created in response to the external H-field, is written in the form M = |M| e iϕ , where the phase ϕ is the phase of the magnetisation relative to the applied H-field. As noted in [14] controlling this phase enables direct control of the real and imaginary parts of the permeability. Our design exploits this observation.
Following the architecture proposed in [14] , our unit cell design comprises basic components such as a loop that senses the incident magnetic field, an amplifier that boosts the sensed signal, and a driven loop that creates the required magnetisation vector (see Eq. 2). In addition to these elements, several significant improvements have been employed to obtain a more practical design. First, surface mount amplifiers are used to embed the gain elements inside the metamaterial unit cells. Second, two passive split ring resonators (SRRs) are placed adjacent to the sensing and driven loops to significantly enhance the local magnetic fields near the SRR resonant frequencies and thus reduce the active gain required for a strong material response. Finally, a voltage controlled phase shifter is placed at the output of the amplifier to control the phase at the drieven loop, which tunes the response of the cell.
This tunable element operates in a fundamentally different way than previously reported passive tunable metamaterials in which the tunable element controls the self resonant frequency or quality factor of the cell [18, 19, 20, 21, 22, 23] . Here the phase shifter directly tunes the relative phase between the magnetic field through the sensing loop and the magnetic dipole moment produced by the driven loop. This controls the phase of the complex magnetic susceptibility, i.e. the ϕ term in Eq. (2), and therefore the real and imaginary parts of the effective permeability. This tunability proves important in creating a metamaterial with zero magnetic loss.
Realization and parameter characterization
A photograph of a unit cell is shown in Fig. 1(a) . The sensing and driven parts consist of a 36 mm diameter copper loop and a SRR that is loaded with a 1 pF capacitor, resonant near 562 MHz, which is within the operation bandwidth of the RF amplifier. There are 3 mm-thick foam layers with a permittivity close to unity between the loop and the SRR that control the coupling between the loop and the SRR. Like typical passive metallic metamaterials, the unit cell volume is almost entirely air.
The sensing and driven loops are mounted on an FR4 circuit board, on which a Minicircuits VNA-28 monolithic RF amplifier and a Minicircuits JSPHS-661+ voltage controlled phase shifter are mounted. The RF amplifier is supplied with a 2.8V DC voltage, and a DC voltage range of 0 to 12V is applied to the phase shifter with a resulting phase shift of 0 to 220 degrees. The all dimensions of the unit cell are w = 60 mm, h = 50 mm, and l = 40 mm, where w and h are the width and the height (both transverse to the direction of the wave propagation), l is the length (along the wave propagation direction), and they are about 1/8, 1/10, and 1/12 of a free space wavelength around the operating frequency, respectively.
We should note that, as in [14] , Eq. (2) can be expanded based on the geometry discussed above in order to obtain an acurate prediction of the effective µ r of a bulk medium made of our active unit cells. However, such quantitative calculations are beyond the scope of this paper and provide little additional insight into how the cell behaves. Instead we use a well established experimental method to recover the effective permeability of the fabricated cells.
More specifically, Fig. 1(b) shows a schematic of a single unit cell and three unit cells placed in the waveguide, which is connected to an HP 8720A vector network analyzer. The procedure described in [24, 27, 25] was used to retrieve the effective permittivity and permeability from the measured S parameters. Note that both the one and three cell measurements are performed with TEM waves that fill the entire cross section of the waveguide. This means that the volume to which the extracted effective electromagnetic parameters apply is the same in each case, as denoted by the dashed lines in the figure.
It should be stressed that retrieval of effective electromagnetic (EM) parameters using a monolayer structure along the wave propagation direction has been well validated by previous research. For example, Chen et al. [25] showed that the retrieved impedances for one, two, and three cells of metamaterial match well for most frequencies, indicating that the impedance is independent of the slab thickness. In [26] , the authors also conclude that one can attribute the EM parameters found for finite slabs and even for monolayer slabs to infinite lattices. As pointed out in the past, the obtained effective material parameters are non-local (i.e. they depend on the fields inside the whole medium) [26, 27] . Since only non-local parameters are currently available in experiments and have been measured in essentially all previous experimental metamaterials papers, we also compute only the non-local parameters in order to compare our results with past measurements.
The one and three cell configurations are equivalent to a metamaterial in which the number of unit cells per free space wavelength is in the transverse direction is 1.7 and 4.6, respectively. An individual cell is significantly subwavelength in size in all three dimensions, as noted above. Particularly for a single cell, the effective transverse spacing is large enough that the extracted parameters will apply only for normal incidence, as is the case for the majority of optical wavelength metamaterials that have been fabricated (e.g., [28] ). With few cells per wavelength, diffraction could influence the reflection and transmission properties of the array. However, as shown below, the measured material parameters for the one and three cell configurations are completely consistent, indicating that diffraction effects are not playing a significant role. The biasing network of the medium is composed of twisted-pair wire and surface mount shunt capacitors on the circuit board that serve to decouple the RF and DC parts in the medium. The wire pairs are also aligned perpendicular to the incident RF electric field to minimize any interaction with the biasing network. These minimize any impact of the biasing network on the effective medium parameters. 
Measured EM parameters and their special features
In the measurement, the DC bias voltage (V b ) on the phase shifter ranged from 0V to 12V, with a step of 1.5V (9 states available for the active unit cell). A subset of retrieved permeabilities for various phase shifter biases are shown in Fig. 2 . At all bias values, the unit cell exhibits a significant magnetic response slightly above the self resonant frequency of the passive SRRs due to the coupling between the SRR and the metallic loop. In each case the magnitude of the susceptibility is essentially resonant, falling as frequency moves away from a single maximum. Passive metamaterials allow only one susceptibility phase distribution, resulting in losses at all frequencies. In contrast, the combination of the amplifier and the phase shifter enable control over the relative phase of the current in the output loop with respect to the input voltage (and thus the applied magnetic field), and this clearly changes the magnetic response. For example, at the lower bias voltages, the magnetic response is predominantly positive (µ r > 1) with some frequencies exhibiting loss (µ r < 0) and others gain (µ r > 0). As V b increases, the real permeability exhibits a bandwidth of strong negative response and the character of the imaginary permeability changes as well.
To demonstrate the specific ways in which the magnetic response of this particle can be controlled, two phase shifter bias voltages, V b = 4.5 V and V b = 12 V, are examined in detail in Fig. 3 . All combinations of real and imaginary magnetic susceptibility signs are obtained: (A) µ r < 1 and µ r < 0, (B) µ r < 1 and µ r > 0, (C) µ r > 1 and µ r > 0, and (D) µ r > 1 and µ r < 0. The zero magnetic loss frequencies where µ r < 1 and µ r = 0 and µ r > 1 and µ r = 0 (as shown in Fig. 3(b) ) are denoted by dashed lines. The case of µ r < 1 and µ r = 0 is particularly interesting, for it can be used to realize negative permeability with zero loss from arrays of such unit cells, as demonstrated later in the paper.
For an active magnetic metamaterial, the frequency of zero imaginary permeability does not always align with the frequency at which the material is lossless because of the unavoidable electric response of the material [29] . However, the electric response of our fabricated cell is modest and does not strongly impact the overall material properties of this active unit cell. With V b = 4.5 V as an example, the retrieved permeability, permittivity, and the total power emitted by the unit cell, defined as the sum of the transmitted and reflected power |S 21 | 2 + |S 11 | 2 , are shown in Fig. 4 .
In Fig. 4 , there are two frequencies (585 MHz and 595.3) at which µ r = 0. At the first, the electric antiresonance has little effect, and the imaginary part of permittivity is zero, resulting in a material that not only has zero magnetic loss but also zero total loss. At the second, the effective electric response of the cell is significant and exhibits a negative imaginary permittivity. This results in a material that is magnetically lossless but not lossless overall.
The positive imaginary permeability measured in our powered magnetic metamaterial is completely distinct from that observed in passive electric metamaterials [29] . The latter occurs as a consequence of the non-locality of the extracted parameters and is not a true magnetic response in the sense that such an electric metamaterial will not respond to an applied magnetic field alone. In our case, the particles are excited directly by the magnetic field, which means that the positive imaginary permeability is a measure of the achieved magnetic gain. This observation is supported by Fig. 4 , that shows |S 11 | 2 + |S 11 | 2 > 1 in the bandwidth where Im(µ r ) > 0.
To demonstrate that a metamaterial medium can be constructed by combining multiple elements, we measured an array of three identical unit cells. The three cells were first measured separately, each biased with V b ≈ 6 V for a strong negative permeability response with some fine tuning to make the response of each cell approximately identical (Fig. 5(a) ). The three cells were then all placed in the waveguide with a spacing of 52 mm between the cells in the transverse direction (see the dashed lines in Fig. 1(b) ).
The multicell array (Fig. 5(b) ) exhibits a negative real permeability from 581.5 to 592.4 MHz. Over this frequency range, the imaginary part of the permeability changes from negative to positive, crossing zero at 588.7 MHz and giving zero total loss at 587.2 MHz. This shows that this multicell metamaterial array realizes a negative permeability with either zero magnetic loss or zero total loss, depending on the specific frequency. Figure 5 (b) also shows the expected permeability if the magnetic susceptibilities measured from each individual cell simply add. Simple addition of the magnetic susceptibilities of individual particles will occur when the particles are electrically small, are minimally interacting, and are embedded in the same volume under test, as they are for our measurements. That the measured three cell permeability agrees closely with the simple added susceptibility permeability indicates the coupling between the closely spaced active cells is modest and the proximity of other cells does not significantly change the response of a single cell. The small discrepancy might be due to the mutual coupling between cells [30, 31], the effect of microscopic disorder [30] arising from the complex structure on the magnetic properties, or small changes, such as the cell configuration and the position, when the cell was measured separately and when it was put in an array. This shows that cells of this architecture can be assembled into larger arrays and thus larger metamaterial samples. When cells exhibit gain at certain frequencies there will be limits on how they can be assembled into medium that is stable and does not spontaneously oscillate [9] . We note that we have found that intercell coupling in similar active cells without a phase shifter can be difficult to control. The phase shifter in the unit cell has stable 50 ohm input and output impedance, and thus acts as a buffer to diminish the feedback from the output loop back through the amplifier.
Conclusion
In conclusion, we designed, fabricated and characterized a powered active magnetic metamaterial with tunable permeability. A negative permeability metamaterial with zero loss or even gain can be achieved through an array of such metamaterial cells. This kind of active metamaterial can find use in applications that are performance limited due to material losses, such as antennas based on magnetic metamaterials [3] or evanescent wave enhancement [32] , and also points a way towards active metamaterials at higher frequencies where losses are more severe.
